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We present a device concept for a spintronic transistor based on the spin relaxation properties a
two-dimensional electron gd®DEG). The device design is very similar to that of the Datta and Das
spin transistor. However, our proposed device works in the diffusive regime rather than in the
ballistic regime. This eases lithographical and processing requirements. The switching action is
achieved through the biasing of a gate contact, which controls the lifetime of spins injected into the
2DEG from a ferromagnetic emitter, thus allowing the traveling spins to be either aligned with a
ferromagnetic collector or randomizing them before collection. The device configuration can easily
be turned into a memory and a readout head for magnetically stored informatior200®
American Institute of Physics[DOI: 10.1063/1.1601693

If the current pace of electronic device miniaturization iSH=H,+ aga( oky— o k) + aga(oky— ok,
to continue, it is reasonable to think that the good use of the
guantum properties of the electron will play a role in making
this possible. Traditionally it has been the wave character ofvhere H, is the spin degenerate part of the Hamiltonian,
the electron that has been put to this use, resulting in devicesg s (aga) parameterizes the importance of the BI&IA)
such as the resonant tunnel dibded the single electron contribution—easg is commonly referred to as the Rashba
transisto? Another quantum property of the electron that Coefficient—to the lowest nonvanishing order, are the
only recently has received attention for its potential for in-Pauli matrices and; are the components of the in-plane
formation storage and processing is its spin. One of the mogtlectron wave vectok.
promising proposals for apin eledronic (spintronid device For our 'forthcqming.considerations it is important to
is the spin transistor by Datta and D that device, elec- study the spin configuration ik space that _resu_JIts from Eq.
trons are injected from a ferromagnetic contact into a two—(l)' When ag 2 =0, the electron spins point in the 2DEG

dimensional electron gg2DEG) and another ferromagnetic plane and perpendicular ko(see, for example, Fig. 1.in Ref.

contact is used to collect the traveling electrons and anal zg)' Figure 1 shows the spin expectation values for electrons
9 YZ§ith wavevector in the 2DEG plane and a magnitude

their spin. Switching action is achieved by the application of _ 0.0127/a. The expectation values have been calculated

an external electric field, which affects the spin of the eny,  the eigenstates of Hamiltonian (1).  For

semble through the Rastbetfect. agalaspa=0.25 we see that the spins are slightly tilted re-
In this letter we see how, by making minimal changes tospect to the tangential configuration for the casergf =O0.

the device configuration proposed by Datta and Das, and byowever, the usual time reversal requirement that states

considering the bulk inversion asymmetfBIA) effects, we

can create a family of information processing, storing, and

=H+ o, (agiaky + agiaky) — oy (agiaky+ agiaky), 1

retrieving devices. We start reviewing the effects in the 1 JPRaRaaEN 0014 NN
2DEG band structure and spin alignments of the combination 4 \.\ "\
of BIA and structural inversion asymmetfBlA), and the _ “ Uiy, =025y \\ g0ty = 1 AN
consequences for the spin lifetime of the electrons in theg oo : go.oo- N A
2DEG. Then, we describe our proposal for a spin transistor* \ s ol A \"
and make some estimates of its performance. Finally, we als¢ \\ ” “\
describe two kinds of memory cells and a read head based 0 001 ST 001 RN
these effects. -0.01 0.00 0.01 -0.01 0.00 001
For zinc-blende semiconductor heterostructures we car. k. [2na] K, [2rfa)

easily write a Hamiltonian describing both the Sland FIG. 1. Spin directions for the lower conduction subband of a 2DEG. The

BIA®’ contributions to the 2DEG lowest conduction Sub- spins are plotted at 15° intervals, and correspond to states lying on a circle
bands of §001]-grown structure in the ky—k, plane withk=0.01 A. The two plots are for different relative
contributions of BIA and SIA. Note the configuration for the casga

=aga - In that case, no spin direction is specified for EHEO] and[TlO]
¥Electronic address: xcs@uiuc.edu directions because the states are spin degenerate.
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FIG. 2. The three diagonal elements of the spin lifetime tensor as a functiofIG. 3. Operating principle of the resonant spin lifetime transistor. The gate
of the ratio of the BIA and the SIA parameters. bias drives the lifetime of the injected spins on- or off-resonance. In the on
state the spins would arrive aligned with the ferromagnetic collector, thus
resulting in low resistance. In the off state, the spins are randomized before
within a subband with opposite have opposite spin is kept. reaching the collector and a high resistance is measured.

This ensures that, in this single electron picture, there is no

mag_lr_ftlsm_ln thef.ZDE(i-.. i Fig. 1 f / 1 resonance by settingegia=aga OF aga# aga, respec-
h € spin tcon |tgura Ilor?t in =19 tat Olvpia fAsIA™ | IS tively. In the on state the spins would arrive aligned with the
much more interesting. In 1, eigenstalte spins can only pc"nferromagnetic: collector, thus resulting in low resistance. In

in one of two possible directions, namél§10] apd[l_lO]é the off state, the spins are randomized before reaching the
depending on the angl@betwgerk_and the/ 100] direction: collector and a high resistance is measured.

The boundary of th_e two regions is @t — /4 and f=3m/4. This operating mechanism indicates some of the design
The conditionag, = as;a might be achieved by tuning the ,nqjgerations that the device must meet. Since its operation
\{alue of g _through the application of an extemé}I ele_ctrlc is based on the control of the DP relaxation mechanism, the
field perpendicular to the 2DEE.The value ofaga is pri- injected electrons must undergo several momentum scatter-
marily det.ermlned py the |n'Fr|n5|c properties of the constltu-ing events for proper functioning. This implies that the de-
ent materials, and its magnitude can only be affected by thgice myst operate in the drift-diffusive regime. Thus, the

thickness of the 2DEG. fabrication requirements are less demanding than for the

__ In this particular configuration, the component alongp,ita_pas devicd which operates in the ballistic regime.
[110] of an injected spin will always be aligned with the of course, the resonant spin lifetime will have a finite mag-
effective magnetic fielﬁirrespective ok and, therefore, will nitude, due to either other relaxation mechaniéms to
not suffer from the different rates and axes of precession agigher order terms that have been neglected in the Hamil-
described by the D'yakonov—Perél'(DP) mechanism of  onjan. This finite lifetime in the on mode limits the maxi-
spin relaxation. Averkiev and Goléb™ have computed the mum transit times the design can sustain. We can get an
DP spin lifetimes of the different components for electrons inggtimate of these lifetimes from measurements[ ia0]-
the [001] 2DEG. In particular, assuming the validity of Ed. grown quantum welld® There, the DP mechanism for spins
(1), they see that the lifetime for spins alof$l0] is pro-  perpendicular to the well is suppressed, and the resulting
portional to (@sja— agia) 2. Figure 2 shows the spin life- |ifetime is increased to several nanoseconds.
times plotted from Eq(19) in Ref. 13, wherer; is the life- The turn off time will be governed by the spin lifetime of
time of the spin component alonig The values used in the the electrons in the nonresonant condition. This is a short
computation ar&e=0.01 A™* (a degenerate 2DEG is as- time, of the order of a few picosecontisThe turn on time is
sumed, a momentum scattering timg,=0.2 ps andagia  given by how fast the random spins can be evacuated from
=15x10'° evVecm! From this figure, we see clearly the the channel and substituted for correctly aligned spins, which
resonant behavior of the lifetime wherya=aga . In what s again estimated by the transit time in the channel. Transit
follows, we will describe how, by driving this component of times of a few picoseconds or Ié&sare achievable in the
the spin in and out of resonance through the action of amperation of high electron mobility transistors. Thus, one
external bias, we can construct a series of spintronic devicegyould expect operating frequencies of the order of a few
Figure 3 shows the operating principle of the resonanhundreds of gigahertz; the limiting factor being the turn-on
spin lifetime transistoRSLT). The device layout is very time. Of course, if a reduction of the transit time is pursued,
similar to the Datta—Ddsdevice, except that the ferromag- care must be taken to ensure that the RSLT still operates in
netic contacts must be designed so that their magnetizatioe drift-diffusive regime. An experimental demonstration of
points in the 110] direction, as per Fig. 1. Since the resonantthis device would be free from considerations of local Hall
spin direction points in the 2DEG plane, this may be easilyeffect® because the orientation of the magnetizations would
achieved with a thin bar as in the figure. At first, an ensembleot be reversed.
of spins pointing along110] is injected in the 2DEG. The There are other kinds of devices that can be constructed
gate bias drives the lifetime of the injected spins on- or off-with these building blocks. If the gate bias In Fig. 3 Is ap-
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Von have different implications for the collection of spins from
the extended contacts we consider in this work.
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